Classical conditioning of the eyeblink reflex is a relatively simple procedure for studying associative learning that was first developed for use with human subjects more than half a century ago. The use of this procedure in laboratory animals by psychologists and neuroscientists over the past 30 years has produced a powerful animal model for studying the behavioral and biological mechanisms of learning. As a result, eyeblink conditioning is beginning to be pursued as a very promising model for predicting and understanding human learning and memory disorders. Among the many advantages of this procedure are (a) the fact that it can be carried out in the same manner in both humans and laboratory animals; (b) the many ways in which it permits one to characterize changes in learning at the behavioral level; (c) the readiness with which hypotheses regarding the neurological basis of behavioral disorders can be formulated and tested; (d) the fact that it can be used in the same way across the life-span; and (e) its ability to distinguish, from normative groups, populations suffering from neurological conditions associated with impaired learning and memory, including those produced by exposure to neurotoxicants. In this article, we argue that these properties of eyeblink conditioning make it an excellent model system for studying early impairments of learning and memory in developmental neurotoxicology. We also review progress that has been made in our laboratory in developing a rodent model of infant eyeblink conditioning for this purpose. -Environ Health Perspect 102(Suppl 2):131-139 (1994).
Introduction
The prevalence of developmental learning disabilites in our society has generated much concern over the need for research that can provide early assessment and treatment, as well as identify the fundamental causes, of developmental learning disorders (1,2). Although many factors can contribute to the etiology of these disorders, it is becoming increasingly clear that exposure to chemicals during the prenatal and early postnatal period is an important one. It is well established that developmental exposure to drugs of abuse and certain environmental chemicals can adversely affect the development of brain and behavior in humans and laboratory animals (3, 4) . The cases of environmental lead and fetal alcohol syndrome are two widely known examples that have received much coverage in the popular media (5, 6) . Mental retardation produced by the developmental neurotoxicity of these and other chemicals has motivated the development of animal models for studying impaired neurocognitive development (7) . In addition to experimentally confirming relationships that are commonly correlational in human studies and identifying potential biological mechanisms of these relationships; they also provide data for safety evaluation of chemicals that can inform human risk assessment in the absense of actual human exposure (4) .
Risk assessment is a formal process used by the government and private industry to assess the safety of chemicals under certain exposure conditions. Although human toxicity data are used when possible, animal models play a vital role in this process (8) (9) (10) . Currently, risk assessment in neurotoxicology makes use of the "safety factors approach," in which the level of exposure that is without adverse effect (the no-adverse-effects-level, NOAEL) in an empirical study is divided by a number of safety, or uncertainty factors [UFs, (11) ] to derive a reference dose (RfD), the exposure level thought to pose little or no health risks to humans (9, 10) . Safety factors are used to allow for uncertainties in the empirical data surrounding variables that may determine sensitivity to a neurotoxicant, variables such as differences in the species or age of test subjects, or in route or duration of exposure.
The limitations of the safety factors approach have generated much interest in the environmental health sciences in developing alternative approaches to risk assessment that incorporate information about the biological mechanisms of toxicity (8, 12) . For example, biologically based models seek to develop mechanistic explanations of toxicity that address species differences in a manner that would reduce or supplant the need for uncertainty factors (12) . Such models consider both the relationship between exposure to a compound and the dose delivered to target tissues (exposure-dose) and the relationship between this dose and its subsequent toxic effects (dose-effect). A quantitative model that covers this exposure-dose-effect relationship has recently been developed for studying chemical-induced carcinogenicity (12 To develop a biologically based model of neurotoxicant-induced memory impairment, the effects of chemical exposure on memory must be examined in both humans and animals in terms of intervening effects on the nervous system ( Figure  1) . The relationship between exposure and tissue dose (neurotoxicant and brain) is addressed by physiologically based pharmacokinetic (PBPK) models, whereas the relation between tissue dose and neurotoxic effect (brain and memory) is addressed by biologically based dose-response (BBDR) models. To accomplish this, one must study a form of memory that a) allows one to characterize changes in learning at the behavioral level in a number of ways; b) is well understood at the neurobiological level; c) lends itself readily to parallel studies in both humans and laboratory animals; a) can be used to study the same form of learning in developing organisms (and across the life-span) in a manner that provides a link with maturation of relevant neural systems; e)and is able to detect the effects of developmental neurotoxicants that interfere with maturation of brain systems that are involved in memory.
The thesis of the present article is that classical conditioning of the eyeblink reflex offers the potential to be a valuable model for this purpose. It has been argued elsewhere that eyeblink conditioning represents a powerful approach to the study of neurotoxicant-induced neurodegenerative disorders that are associated with memory loss during aging (13, 14) . We (or has the potential to do). Some of these advantages have been discussed by others in connection with studies of the neurobiology of learning (15, 16) or of learning in human populations suffering from agingrelated neurodegenerative disorders (13, 14) . In addition to these, we will argue that the eyeblink conditioning paradigm offers some special advantages that apply more uniquely to the analysis of developmental disorders.
Behavioral Chararization
Eyeblink conditioning is a Pavlovian conditioning procedure that involves contingent, temporal pairings of a conditional stimulus (CS, typically a pure tone) and an unconditional stimulus ( (18) .
Another useful feature of eyeblink conditioning is that the integrity of the blink reflex to the airpuff itself (the unconditioned response, UR) is readily distinguished from learned responses to the tone which precede airpuff onset (the conditioned response, CR). Thus, the possibility that a neurotoxicant, a neurological condition, or some other behavioral or biological variable has influenced the conditioned response (learning) or the reflex itself (performance) can be monitored easily on a trial-by-trial basis.
One can further isolate the effects of such variables on neuropsychological function in this procedure by manipulating a number of parameters. Variations in intensity or duration of the tone or airpuff, the interval between tone and airpuff onset, or other aspects of the temporal or contingent relationship between these stimuli, can be used to assess the role of sensory, motor, and motivational processes in learned performance. Such variations also produce characteristic effects on eyeblink conditioning (17) . The fact that these "laws of learning" appear to apply similarly across mammalian species (including humans) suggests that similar neural and psychological mechanisms are engaged (14, 19) .
Finally, there are a number of "higher order" phenomena of eyeblink conditioning that make it is possible to study the manner in which processes of attention (20) , memory (21) , and perceptual organization (22) (25) . Furthermore, when the tone and DAO stimulation are explicitly unpaired, rapid extinction of the CR occurs. Neural activity representing the conditioned stimulus arises from the pontine nuclei and enters the cerebellum via the mossy fiber projection. Electrical stimulation of the mossy fiber input to the cerebellum can serve as a CS when it is paired with an airpuff US (26) . Thompson (24) has hypothesized that the site of the memory trace for this conditioned response is at the point where mossy fiber inputs (CS) and climbing fiber inputs (US) converge, the cerebellar deep nuclei and cortex. This notion is supported by the finding that lesions of the cerebellar deep nuclei completely and irreversibly abolish conditioned responding (27) (28) (29) (30) . The conditioned response pathway extends from the ipsilateral interpositus nucleus, crosses the midline, synapsing in the magnocellular region of the red nucleus. The red nucleus projects to motor neurons that control the eyelid response. This model accounts for most of the data concerning the neural circuitry required for delay conditioning in eyeblink conditioning. To be .able to specify the neural substrates of learning at this level of detail creates an almost unique opportunity to use eyeblink conditioning for studies that can benefit from understanding brain-behavior relations.
Although it is clear that the "essential" circuitry for eyeblink conditioning is below the level of the thalamus (24,31), hippocampal activity during acquisition can also modulate the rate of learning (32) . Berger and colleagues have found that hippocampal neuronal activity forms a perfect model of the behavioral changes during nictitating membrane conditioning in the rabbit (33) . The pattern of CS-evoked pyramidal cell activity directly models the shape of the conditioned response (34) . Moreover, manipulations that alter hippocampal electroencephalogram (EEG), including medial septal lesions and the application of A-9-tetrahydrocannabinol (THC), retard the rate of acquisition (32) . Cholinergic blockade also retards the rate of eyeblink conditioning (35) (36) (37) . Thus, although hippocampal lesions do not impair eyeblink conditioning (38) , acquisition rate is modulated by hippocampal activity.
In addition to modulating rate of delay conditioning, there is also extensive evidence for hippocampal involvement in higher order phenomena of eyeblink conditioning. Examples of such phenomena include trace conditioning (21) , latent inhibition (20) , discrimination reversal (39) , and sensory preconditioning (40) . Thus, it appears that eyeblink conditioning is mediated by an interaction between the hippocampus (and associated forebrain structures) and brainstem cerebellar pathways. Indeed, a mathematical model describing how this interaction may subserve different phenomena of eyeblink conditioning has recently been formulated (23) . This model makes it possible to make quantitative predictions regarding the effects of damage to hippocampal-cerebellar pathways on various behavioral phenomena of eyeblink conditioning. In the context of risk assessment in developmental neurotoxicology, this model has the potential to serve as a BBDR model relating nervous system toxicity to memory impairment (Figure 1) .
In summary, there has been extensive empirical and theoretical progress in the analysis of the neurobiological mechanisms of eyeblink conditioning. As a result, this learning preparation offers unusual potential to understand the behavioral effects of developmental neurotoxicants in terms of their potential neural target sites of action (see below).
Comparison of Humans and Laboratory Animals
Another advantage of eyeblink conditioning is that it makes it possible to study learning in humans and in laboratory animals with the identical procedure (13, 14) . Preparations for studying eyeblink conditioning exist in rats (30, 41, 42) ; rabbits (16, 17) , and humans (14) . Moreover, the general behavioral properties of eyeblink conditioning appear to be similar across species. Perhaps more importantly, the evidence that is available thus far suggests that the biological mechanisms of eyeblink conditioning are similar across species as well. Comparisons of studies involving humans and animal models indicate that the effects of a number of biological variables on eyeblink conditioning are similar in different species. For example, cerebellar damage, hippocampal damage, aging, and administration of anticholinergic drugs are variables that all appear to have similar effects in humans and laboratory animals (14) . The demands on test subjects, the identical test procedure can be used in neonatal human infants as young as 10 to 20 days of age (44) or in senior citizens older than 80 years of age (45) . Studies of eyeblink conditioning have also been carried out in aged rats (42) and rabbits (13, 43) . In fact, normal aging produces a decline in the rate of eyeblink conditioning in both human and animal subjects (in a certain proportion of the test population). It has been hypothesized that this decline reflects aging-related changes in the neural systems that are involved in eyeblink conditioning (13, 14) . It has also been reported that patients with Alzheimer's disease show even more pronounced deficits in eyeblink conditioning relative to age-matched controls. There is evidence that aluminum neurotoxicity may be a risk factor for this neurological disorder and studies that have used aluminumexposed rabbits as a model of Alzheimer's disease have demonstrated acquisition and retention deficits with the eyeblink conditioning paradigm (13, 46, 47) .
Applications to Developmental Learning Disorders
The success of eyeblink conditioning as an approach to the study of aging-related memory disorders is encouraging and suggests that it would also be fruitful for the study of developmental learning disabilities. The neural systems that are important for eyeblink conditioning-the cerebellum and hippocampus-undergo protracted postnatal development in humans and other animals (48, 49) . This protracted development makes these systems likely targets of developmental neurotoxicants and there are studies suggesting that this is indeed the case for a number of chemical compounds. There is also evidence that certain developmental learning disorders are associated with neuropathology in these regions. Finally, the fact that the procedure can be carried out in human infants creates an unusual opportunity to perform parallel studies in humans and in laboratory animals. For these reasons, we have undertaken an effort to develop a preparation for studying eyeblink conditioning in infant rats. In this section, we will briefly elaborate some of these points. We will then describe our progress in implementing an animal model for studying the early development of eyeblink conditioning.
The neuroanatomical structure that appears to be critical for eyeblink conditioning, the cerebellum (Figure 2 ), undergoes massive and prolonged postnatal maturation. In the rat, the volume of the cerebellar cortex increases more than 20-fold during the first three postnatal weeks ( Figure 3) (50) . Cells of the deep nuclei, and Purkinje cells are formed before birth, but granule, stellate, and basket cells are generated and proliferate after birth. Most stellate and basket cells are formed during the first two weeks after birth. Granule cells are generated throughout the first three postnatal weeks with a peak in proliferation during the third week (Figure 3) (49) . In addition to the massive generation of microneurons in the cerebellar cortex, each of the cell types within this structure undergoes extensive morphological development and synaptogenesis during the first few postnatal weeks (49) . The late development of the cerebellum may make it vulnerable to some developmental neurotoxicants. Indeed, certain solvents (ethanol and methanol), heavy metals (e.g., methylmercury) and antimitotic agents have been reported to disrupt cerebellar development (51) . As a result, eyeblink conditioning could provide a very powerful means of assessing learning deficits associated with developmental exposure to these neurotoxicants. The hippocampus and related structures also undergo substantial postnatal growth and development in a variety of mammalian species (48, (52) (53) (54) . For example, studies of the rat have shown that 72% of dentate granule cells are generated between birth and 16 days of age, and 94% of granule cell synapses appear between 11 and 25 days of age. Additionally, levels of hippocampal acetylcholinesterase activity and myelin staining show substantial postnatal increases (48) . It is also well established that hippocampal development can be altered by a range of developmental insults (55) . These include antiproliferative agents (48, 56) ; ethanol (57-59); and heavy metals (7, 60) . Because of the role of the hippocampal formation in certain phenomena of eyeblink conditioning, this preparation may also be useful for assessing impairments in memory development that are produced by developmental damage to this forebrain structure.
There is also evidence that certain disorders of human behavioral development, such as those associated with autism, mental retardation, undernutrition, and developmental methylmercury neurotoxicity are sometimes accompanied by cerebellar damage or hypoplasia (51, (61) (62) (63) . There are also many human neurological disorders associated with pathology to the hippocampus and/or related structures, including ischemia (64), Down's syndrome (65), schizophrenia (66), undernutrition (67), hypoglycemia (68), hypothyroidism (69), early exposure to lead (70, 71) , and fetal alcohol exposure (72, 73) . As a result, eyeblink conditioning could be useful in the early detection and characterization of functional loss associated with these neurological conditions. This possibility is supported in a study by Ohlrich and Ross (74) , in which normal and mentally retarded children were trained with delay conditioning, discrimination, and discrimination reversal procedures with the eyeblink conditioning preparation. Normal children showed higher levels of conditioning with an 800 msec interstimulus interval (ISI) than a 500 msec ISI and showed discrimination learning. Mentally retarded children did not benefit from the ISI manipulation and did not show discrimination learning, although they did show moderate levels of conditioning at both 500 and 800 msec ISIs. Another study examined college-aged normal and mentally retarded subjects with delay conditioning and partially reinforced groups (75) . The mentally retarded subjects were impaired on acquisition and extinction of eyeblink conditioning. The ability of eyeblink conditioning to distinguish normal and mentally retarded children and adults suggests that this procedure may be useful for assessing and characterizing a variety of human neurological conditions associated with impaired intellectual development. Because of the involvement of the cerebellum and hippocampus in eyeblink conditioning, this prospect seems particularly likely for neurological disorders associated with neuropathology or impaired maturation of these structures. When such disorders are produced by developmental exposure to drugs and chemicals, it would be possible to carry out parallel studies in animal models. Our work with an animal model of infant eyeblink conditioning is described in the next section.
A Rodent Model for Studying the Development of Eyeblink Conditioning
In this section, we describe efforts in our laboratory to develop a rodent model for studying the early development of eyeblink conditioning. Thus far, our studies have asked whether there are ontogenetic changes in eyeblink conditioning in the rat, whether such changes reflect maturation of associative processes, and whether neurotoxicants that interfere with cerebellar maturation impair eyeblink conditioning during infancy. Because some of these experiments have not been extensively reported elsewhere, we will describe certain aspects of our methods and procedures in some detail.
Eyeblink Conditioning Is Associative and Develops Postnatally in the Rat
The developmental analysis of eyeblink conditioning began when a method for conditioning freely moving adult rats (30) was adapted for use with the infant rat (76) . In this procedure, rats are surgically implanted with two electrodes, one for measuring eyelid electromyographic (EMG) activity and one for delivering brief electrical stimulation in the vicinity of the In the first study that we will describe, rat pups were trained in eyeblink conditioning on postnatal day (PND) 17 or 24. At each age, pups were trained with delay conditioning or unpaired control procedures. Delay conditioning trials involved pairings of a 380 msec tone conditioned stimulus (CS) and a 100 msec perioccular-shock unconditioned stimulus (US). In the unpaired control condition, the CS and US were presented in a "pseudorandom" order such that no more than three presentations of either stimulus occurred consecutively. The paired and unpaired groups received the same number of stimulus presentations at the same average rate across each session. This unpaired group is an important control because it indicates levels of sensitization, pseudoconditioning, and/or spontaneous EMG activity which could lead one to overestimate the amount of associative learning in the paired condition.
The results of this experiment are shown in Figure 4 . Rats trained on PND 17 in the paired condition (left panel; closed circles) showed much less conditioning over 300 trials than rats tested on PND 24 (right panel; closed circles). Moreover, the difference in rate of conditioning reflected a difference in the amount of associative learning, as indicated by the difference between given paired and unpaired groups at each age. Pups trained on PND 24 showed a greater difference between paired and unpaired conditions (right panel strate that associative eyeblink conditioning is possible in infant rats and that rate of conditioning develops dramatically between PND 17 and 24.
Measures of Learning and Performance
As indicated previously, one of the more valuable features of the eyeblink conditioning procedure is that it simultaneously provides measures of learning and measures of performance. The importance of addressing the learning versus performance distinction can be illustrated with these developmental data. One question that could arise from the experiment just described is whether the age-related difference in learned responding was actually the result of differences in the performance capabilities of the younger pups. 25 , developmental neurotoxicants that disrupt pups received three 100-trial sessions of delay maturation of the cerebellum will also disrupt conditioning (as described earlier). Because the ontogeny of eyeblink conditioning, a pups in this study were trained in a different form of associative learning that, in adult aniaparatus than was used in our previous mals at least, critically involves this brain reports (76, 83) we will describe it briefly. structure (27) . This conclusion, of course, The modified conditioning apparatus con-depends on the assumption that MAM did sisted of four small animal chambers, each not significantly disrupt maturation of other lined with sound absorbing foam and each brain systems. At the age of exposure (PND housing a small stainless steel mesh cage 0-1) employed in this experiment, the effects where the animal was placed during condi-of MAM on the cerebellum are much more tioning. One wall of the chamber was fitted striking than effects on other gross neuwith two audio speakers that could indepen-roanatomical regions (79) . For example, the dently produce tones of different frequencies. neocortical hypoplasia that is seen with gestaIn other respects, the apparatus was similar to tional day 15 exposure to MAM (80) is not that used previously (30,76;83) . readily apparent following exposure on PND Figure 6 shows the effects of neonatal 0-1. Nevertheless, it is possible that MAM exposure to MAM on the cerebellum in sagit-may have affected neurons outside the ceretal sections. Comparison of sections from rats bellum (e.g., granule cells in hippocampus or injected with saline (A,B) or MAM ([20 olfactory bulb) that proliferate during this mg/kg) C,D]) show that cerebellar hypoplasia period of development. To assess possible was dearly evident in MAM-treated rat pups. effects of MAM on forebrain structures, the Further, the cellular structure of the cerebellar same rats that were tested for eyeblink condicortex was dearly disrupted in MAM treated tioning were also tested on delayed alternapups as demonstrated by the dispersion of tion in a T-maze under conditions that reveal Purkinje cells throughout the granule cell dear effects of neonatal damage to the septolayer in some cerebellar lobules ( Figure 3D ).
hippocampal pathway or prefrontal cortex The behavioral results are shown in (84, 85) . There were no effects of MAM Figure 7 in terms of the percentage of condi-treatment on acquisition of this alternation tioned responses per 100-trial training ses-task (82 
